Abstract: An integrated total internal reflection prism is demonstrated that generates a transversely localized evanescent wave along the boundary between a photonic crystal and an etched out trench. The reflection can be described by either the odd symmetry of the Bloch wave or a tangential momentum matching condition. In addition, the Bloch wave propagates through the photonic crystal in a negative refraction regime, which manages diffraction within the prism. A device with three input channels has been fabricated and tested that illuminates different regions of the reflection interface. The reflected wave is then sampled by a photonic wire array, where the individual channels are resolved. Heterodyne near field scanning optical microscopy is used to characterize the spatial phase variation of the evanescent wave and its decay constant.
_______________________________________________________________

Introduction
The presence of an evanescent field is the signature of near-field optics. There are two main characteristics of these waves that distinguish them from propagating waves. The first is their intensity profile, which exponentially decays away from the source that created them. This means that they are highly localized to a surface or edge. In microscopy [1, 2] and spectroscopy [3] , this results in a method of depth sectioning, which adds increased resolution and specificity. Another benefit of evanescent illumination is that it is a dark field method in that the background illumination does not reach the collection optics, resulting in larger signal contrast. Evanescent waves in this context are most often created with a free space total internal reflection (TIR) prism illuminated above their critical angle. A second characteristic of evanescent waves is that they carry a larger spatial frequency than propagating waves can support in their medium. This feature allows them to externally couple to bound modes of other structures. On integrated platforms, the evanescent field in the cladding of a waveguide has been most often used for coupling. A large disadvantage of using this geometry is that the spatial frequency is fixed by the cladding index and the waveguide propagation constant, where as a TIR prism can generate a range of spatial frequencies by changing the optical wave's incident angle. Excitation of bound modes has applications in waveguide coupling [4] , plasmonics [5] , and high Q resonators [6] . In this paper, we demonstrate a photonic crystal (PC) TIR prism that can operate at small incident angles or even normal incidence. An evanescent wave is generated along the interface and exponentially decays into the air region behind the PC. The reflected wave has close to unity magnitude owing to the odd symmetry of the incident Bloch mode [7] . The inverse situation has previously been studied, where a wave incident from free space is totally reflected back into air and consequently the Bloch mode has been called an "uncoupled mode" [8] . Unlike in the photonic band gap, a mode at this frequency and momentum does exist in the PC however; it is the coupling across the interface that is forbidden. In the presented TIR prism design, a Bloch mode is excited inside the PC across an allowed interface and then is reflected at a forbidden interface. Using the Fourier spectrum of the Bloch mode, we show that a tangential momentum matching condition in the extended zone scheme describes this effect.
PCs have previously been used in the design of prisms that sort an incident wave based on its spectrum [9] or polarization state [10] [11] . These devices utilize the anomalous dispersive properties of Bloch waves in PCs. Although there is no transverse confinement in PC prisms, the diffraction of an optical beam can be controlled by using either the selfcollimation [12] or the negative refraction effect [13, 14] . This leads to a device that can beat the normal scaling rules for free space optics [15] . For devices operating in this anomalous diffraction regime, an input beam can have a width of just a few wavelengths and can maintain this size through a region several Rayleigh ranges long. One advantage of integrated devices without transverse confinement is that they can support several parallel channels that can pass through one another similar to a free space optical device [16] . Because the total internal reflection occurs in the second photonic band where slow or negative diffraction also occurs, the PC TIR prism also takes advantage of this parallelism.
Bloch wave coupling
In order for a PC Bloch wave to be efficiently excited at a crystalline interface, the incident field has to have a large spatial overlap with the Bloch wave field profile. Bloch modes originating from higher photonic bands can have a complex field profile containing several peaks and nodes in each unit cell. This fact makes coupling to higher photonic bands a complex and inefficient process that can limit the functionality of devices that use them in their design. Propagation in the second photonic band of a two dimensional hexagonal lattice of circular air holes has received a lot of attention due to the presence of negative refraction in this regime. Theoretical and numerical studies have shown that waves incident from vacuum can couple efficiently into this structure when the interface has its normal in the Γ M direction, while the coupling is close to zero when the interface has its normal in the
In this paper, we use the inability of this mode to couple across the Γ K interface as an efficient internal mirror in the design of a reflection prism. shows a beam normally incident into the prism, where the excited Bloch wave has parallel momentum, k pc , and Poynting, S PC , vectors. The energy of the wave is then obliquely incident into the reflection interface. B) shows a beam obliquely incident into the PC that negatively refracts across the boundary. The Bloch wave has a large angle between its k pc , which bends positively, and S PC , which bends negatively. The energy of the wave is normally incident into the reflection interface, yet still experiences TIR.
In the simplest implementation, an optical beam is normally incident into the hypotenuse of a 30º-60º-90º prism, which has a Γ M interface, as shown in Fig. 1(A) . Inside the PC, a Bloch mode is excited that propagates in the Γ M direction and is subsequently incident at 30˚ into a Γ K interface. Using a folded value of the Bloch wave momentum k pc , the magnitude of the effective index of the mode, defined as |k pc /k v |, where k v is the wave momentum in vacuum, is approximately unity in the second photonic band. With this value of an index, light is expected to refract across the Γ K interface because the incident angle is well below the critical angle. The fact that instead almost no light couples out has been explained by considering the symmetry properties of Bloch waves [7, 8, 18] . It is also possible to describe this reflection by a momentum conservation condition across the boundary using the unfolded Bloch wave vector. When the index contrast of a PC is large, a Bloch wave is composed of a superposition of a large number of plane wave components [19] . In the case considered here, the excited mode lies in the middle of the band and although there are several plane wave components present, the majority of the energy lies in a single neighboring reciprocal lattice unit cell. The Bloch wave vector of this component cannot match across an interface with vacuum at 30˚ incident angle and consequently experiences TIR. The full Bloch wave spectrum and momentum matching will also be discussed in the next section.
If the input optical beam is deflected so that it is incident at a 30˚ angle, a Bloch wave propagating in the Γ K direction is excited, as shown in Fig. 1(B) . In this case, the energy bends negatively and is pointed in the Γ K direction due to the strong anisotropy of the unfolded equi-frequency surface (EFS). Conversely, the Bloch wave vector bends only a small amount in the positive direction. The Bloch wave energy is normally incident onto the Γ K interface, yet it still undergoes TIR. The reason for this is that the wave vector has an even larger angle with respect to the interface normal than in the case of Fig. 1(A) . The transverse wave vector is in fact larger for the case in Fig. 1 (B) than in Fig. 1(A) as shown by the longer arrow in the figure. This example clearly shows the importance of using the unfolded Bloch wave vector for phase sensitive experiments, such as coupling across an interface.
Design and simulation
Although the reflection in Fig. 1(B) is more surprising in nature, we chose to fabricate a device based on The insets show the crystal terminations for the prism input and reflection interfaces. The front half of the prism is surrounded by silicon slab, and behind the prism is an etched out air trench. B) Numerical simulation of the time averaged square of the E z (out-of-plane) field. The wave is incident from the bottom right and exits the bottom left. The numerically simulated device is three times smaller than the fabricated device, so diffraction is negligible. Figure 2 (B) shows a two-dimensional (2D) finite difference time domain (FDTD) simulation of a version of the PC prism that is one-third size of the fabricated sample. The image shows the optical intensity of a TM wave, E field is perpendicular to the substrate, traveling through the device. The PC is composed of 300 nm diameter circular air holes in a hexagonal lattice with a lattice constant of 510 nm in a 300 nm device layer silicon-oninsulator (SOI) platform [14] . At an incident wavelength of 1550 nm, the effective index of the fundamental TM mode in the Si device layer is 2.54. From the FDTD simulation, the magnitude of the reflected wave at the input interface of the prism appears to be very small as seen by the barely visible fringe modulation depth in the input arm. The beam in the PC propagates in the negative refraction regime and forms an internal focus at the reflection edge, and has an external image at the output waveguide array. However, because of the hexagonal distortion that flattens the EFS in the Γ M direction which is typically observed in a triangular PC, diffraction is small and the image plane is difficult to resolve. As the size of the prism increases, diffraction management becomes increasingly more important in order to achieve a large number of resolvable spatial channels in the device and to keep the transverse size of the beam small at the reflection interface. Fig. 3 . The Fourier spectrum of the numerically simulated complex field. The spectrum has five major components, the incident, reflected, and transmitted waves on k Si , the incident Bloch wave k i-PC , and the reflected Bloch wave k r-PC . The energy of the incident k Si and k pc waves travel towards the upper left and the energy of the reflected k Si and k pc waves travel towards the lower left similar to Fig. 2(B) . The evanescent wave spectrum lies just beyond the k air circle and is difficult to resolve in this figure because the wave only occupies a small fraction of the area in real space. Most of the energy in the incident and reflected Bloch waves is carried by the indicated unfolded EFS in the neighboring reciprocal lattice cells. Other EFS harmonic components are significantly weaker.
To describe the momentum matching conditions more completely, we analyze the spectrum of the field data obtained through FDTD [20] . Figure 3 shows the Fourier transform of the complex electric field obtained with the same parameters as Fig. 2(B) . The spectrum represents the momentum distribution in the input and output silicon slab regions, the PC prism, and the air trench behind the refection plane. Three bright regions on the k Si -surface show the incident, reflected, and output light. The radius of the k Si -surface is 2.54k air due to the effective index given to silicon for TM polarization. The primary Bloch wave momentum distributions, designated by arrows for the incident and reflected waves, are located very close to the silicon slab mode. This explains the small reflections at the silicon PC interfaces, estimated to be as low as 2 percent. Secondary EFS surfaces are visible in the spectrum, but their Fourier amplitude is much smaller than the primary surfaces. Almost no energy is present in the first Brillioun zone (FBZ), which further shows that momentum matching across a boundary should not use the folded values only.
The tangential momentum of the incident Bloch wave impinging on the TIR interface is shown in Fig. 3 by the vertical dotted line and dictates the magnitude of the momentum of the evanescent wave, k ev . Because of the momentum distribution of the incident Bloch wave, only a small fraction of the energy is able to couple across the boundary and excite a propagating wave in the air trench. The peak value of k ev = 1.2k air and consequently cannot be matched and experiences TIR. If we imagine rotating k i-PC five degrees counterclockwise, which would be caused by a five degree incident angle into the PC from the silicon, the behavior is similar to Fig. 1(B) . The Bloch mode energy is now on the adjacent corner of the hexagonal EFS. The direction of energy flow changes by 30˚ and is now normally incident into the interface, but k i-PC has a larger transverse momentum than the previous case and thus even more efficiently TIRs. Using the knowledge that the primary EFS surface is not the one in the FBZ for modes in the second photonic band, the inability to couple across the Γ K boundary can be explained by transverse momentum conservation as well as the mode symmetry.
Far-field characterization
Using an objective lens, scattered light from the different interfaces is collected and imaged onto an infrared camera. Far-field scattered light does not give detailed information on the generated evanescent wave or low loss guided regions, but lets us track intensity through the integrated optical system. Scattered intensity is useful for rough estimates on the transmission coefficient of the PC prism and for monitoring the beam width at the output. Figure 4 shows four far-field images of the device, where Fig. 4 (A/C) is with 1542 nm TM/TE illumination, and Fig. 4 (B/D) is with 1559 nm TM/TE illumination. In each figure, the input waveguides are at the top left, where the light is moving from left to right. The guided optical wave is then reflected by the prism where it is finally incident on the output waveguide array located at the bottom of each figure. Figure 4 (A) represents the wavelength which displays the tightest field confinement shown by the small field distribution incident on the output waveguide array. Figure 4(B) shows the wavelength where reflection losses are the lowest shown by the brightness of the output spot. Although all three terminations of the input waveguides light up, the scattered light does not represent the field in each input waveguide. This scattered light is from the sharp edges of the termination and could be reduced with an inverse taper. Fig. 4(A, C) , the TM mode looks slightly larger than the TE mode when it is incident on the prism and is roughly the width of the input interface, which matches the prediction. The beam then propagates through the PC prism in a slow diffraction regime with a small amount of negative curvature, which contracts the beam size. After reflection and propagation through the second silicon slab region, the beam is incident onto the output photonic wire array, where we can measure its transverse size. At the tightest confinement where diffraction is most effectively managed, shown in Fig. 4(A) , the beam has a full width of 7-10 μ m, which is roughly half the size as it was on the prism entrance and 1/24 of the size it would be if it propagated through 180 μ m of uniform silicon slab. The TE mode is effectively filtered out of the system as can be seen from the small amount of light reaching the output in Fig. 4(C, D) . The image in Fig. 4(B) shows how efficient the PC prism can be, where the amount of light hitting the output waveguide array is much stronger than the scattered signals at the other interfaces. Numerically, the device is predicted to transmit up to 95% of the light, and though this number is not verified experimentally, the efficiency appears to be high.
When each of the incident waveguides is selectively excited, the response of the system can be studied for each spatial channel. Figure 5 shows the intensity profile at the beginning of the photonic wire array at 1542 nm. The black dashed line represents the calculated intensity distribution of the beam after traveling through 180 μ m of unpatterned silicon slab. The widths of the output beams are 7-10 μ m for each of the spatial channels, which is on the same order as their spatial separation, which is 6 μ m given by the separation between the input waveguides. Although there is some cross-talk between the channels, they are spatially resolved. The resolvability can be considerably increased in the future by shortening the silicon slab regions. This result, however, shows the capability of diffraction management using a Bloch mode in the second photonic band. 
Near-field characterization
Using a heterodyne near-field scanning optical microscope (HNSOM) [21-23], we measured the amplitude and phase of the guided wave at the reflection interface. Figure 6 (A) and its inset on the right show that the amplitude image of the detected field has a peak at the interface and then exponentially decays into the air trench, while staying at a roughly constant value in the PC. The wavelength of illumination is 1552 nm, which does not give the tightest field confinement at the interface, but gives a strong signal showing a bright evanescent field. The phase of the field in Fig. 6(B) shows that along the reflection interface, the phase varies only in the tangential direction. An evanescent field's momentum vector is real only for the direction parallel to the interface, so the phase should not progress in any other direction. The inset shows a cross-section of the phase 260 nm behind the interface that has a period of 1.42 μ m, which is below the free space wavelength, indicating that the wave is evanescent. The phase image in Fig. 6 (B) shows a coherent wave incident into the boundary from the PC and along the interface. The tangential momentum of these two waves is equal according to the boundary condition. By taking a cross-section of the phase image just beyond the interface in the air region, the spatial period of the wave is observed to be 1.42 μ m, which gives k ev =1.09k air . The decay constant of an evanescent wave can be predicted from its momentum by the expression 
Using k ev =1.09k air , the decay constant is expected to be 570 nm, which is smaller than the measured value of 1.2 μ m. Because the field is spatially confined, there is a spectrum of transverse momentum values at the boundary. Lower spatial frequencies decay slower into the air region, so they have greater influence at large distances from the interface. In order to better understand the spectrum of the evanescent wave, we perform Fourier analysis of the measured complex field. This method also gives insight into the reason for measuring a larger D. Fig. 3 , except that the field of view contains only the PC region and the air trench behind the reflection interface. The brightest feature in the spectrum is the incident Bloch wave, k i-PC , and is located in the upper left region indicating that its phase progresses in that direction. By measuring the magnitude of k i-PC , the effective index of the primary momentum distribution is estimated to be 2.2. As long as this value is larger than 2.0, the Bloch wave will TIR at the boundary when the incident angle is 30˚, as it is in the prism. This value agrees with the numerical prediction from FDTD of 2.35 and further illustrates the close momentum match between the PC mode and the slab mode, which has an index of 2.54. It is also evident that the momentum distribution is flat indicating that the wave is in a slow diffraction regime. This region of the spectrum is labeled A.
At the same tangential momentum, but along the k x -axis, is the second brightest region labeled B. The spectrum of the evanescent wave is expected to be in region B because the only real component of its momentum is along the tangent of the interface. From the figure, the evanescent spectrum lies just beyond the air light line and extends from 1.0k air to 1.3k air . The momentum components only slightly larger than k air will decay more slowly and are responsible for the larger than expected measured value of D. The higher end of the k ev spectrum compares well with the value expected by numerical simulation. Region C contains the reflected wave spectrum.
Each region can be windowed and inverse Fourier transformed back to the spatial domain to view where that part of the spectrum is located. The inset labeled A shows that this region is in fact the incident PC mode, which starts at the PC input facet and ends at the reflection interface. Region C, though weaker, shows the reflected PC wave starting at the reflection interface and ending at the PC output facet. Region B, which is the evanescent wave, is confined to the reflection edge. The windowed spatial field distribution has less resolution, but makes it possible to isolate different components of the detected field. The near-field microscope more efficiently collects the PC prism's evanescent field as can be seen by the low noise floor in inset B compared to the other insets.
Conclusion
A PC TIR prism has been demonstrated that acts as an efficient evanescent wave source and is integrated onto a silicon platform. Different resolvable regions along the PC to air boundary can be selectively addressed due to diffraction management. These channels spatially overlap in the prism so consequently perform a function that is difficult to obtain in conventional integrated waveguides. The device can in the future be scaled up to accommodate more channels, since the number of resolvable channels is determined by the aperture of the prism divided by the beam size, which can be on the order of 1-2 λ . In addition, the near-field performance of this device has been characterized. We have directly measured the phase and amplitude distributions of the generated evanescent wave. By analyzing the spectra of the complex field, we have presented experimental results that show the tangential momentum mismatch across the reflection boundary. The strong presence of the detected evanescent fields, ability to exhibit TIR at small angles and the unique diffraction management schemes, make the PC TIR prism an efficient and flexible platform for achieving evanescent wave coupling, imaging, and sensing functionalities in an integrated photonics environment.
